The cytochrome b 6 f complex of oxygenic photosynthesis produces substantial levels of reactive oxygen species (ROS). It has been observed that the ROS production rate by b 6 f is 10-20 fold higher than that observed for the analogous respiratory cytochrome bc 1 complex. . Our working hypothesis is that amino acid residues proximal to the ROS production sites will be more susceptible to oxidative modification than distant residues. In the current study, we have identified natively oxidized amino acid residues in the subunits of the spinach cytochrome b 6 f complex. The oxidized residues were identified by tandem mass spectrometry using the MassMatrix Program. Our results indicate that numerous residues, principally localized near p-side cofactors and Chl a, were oxidatively modified. We hypothesize that these sites are sources for ROS generation in the spinach cytochrome b 6 f complex.
Introduction
The cytochrome b 6 f complex acts as a plastoquinol-plastocyanin (cytochrome c 553 in cyanobacteria) oxidoreductase and is similar to cytochrome bc 1 complexes present in heterotrophic organisms. Moderate resolution crystal structures (≈ 3 Å) are available for b 6 f complexes of both thermophilic cyanobacteria [Mastigocladus (Kurisu et al. 2003) and Nostoc )] and a mesophilic green alga [Chlamydomonas (Stroebel et al. 2003) ].
Recently, a 2.5 Å structure of the Nostoc protein has been presented (Hasan and Cramer 2014) . This higher-resolution structure allowed the identification of numerous lipids and intra-protein water molecules that were not identifiable in the earlier structures. The b 6 f complex is a symmetric dimer with a molecular mass of 220 kDa containing, within each monomer, eight subunits: Cyt f (PetA), Cyt b 6 (PetB), Rieske iron-sulfur protein (PetC), subunit IV (PetD), and four smaller subunits (PetG, PetL, PetM, and PetN) . These proteins are associated with seven prosthetic groups: 2 c-type hemes, 2 b-type hemes, 1 Fe 2 S 2 cluster, 1 Chl a, and 1 β-carotene. Additionally, a plastoquinolbinding site is present on the p-side (lumenal side) of the complex and a plastoquinone-binding site is present on the n-side (stromal side) of the complex. In cytochrome bc 1 complexes, linear electron transport occurs via a modified Q-cycle mechanism (Crofts et al. 2003) . However, it is unclear if this is the case for the cytochrome b 6 f complex. The presence of the novel heme c n and the observation that the complex can participate in cyclic electron transport, accepting electrons from reduced ferredoxin possibly via ferredoxin-NADP + oxidoreductase [which appears to be a
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subunit of the in vivo complex (Zhang et al. 2001) ], both argue against a classical modified Q-cycle mechanism. The functions of the Chl a and the β-carotene are unclear and these have been hypothesized to play a structural role in b 6 f assembly or are possibly required for complex stability (Yan et al. 2008) . In thylakoid membranes, reactive oxygen species (ROS) are produced at a number of sites within the linear electron transport chain including PS II, the b 6 f complex and PS I. ROS are formed by the excitation of dioxygen (singlet oxygen, 1 O 2 ), the partial reduction of dioxygen (O 2 •− , O 2 2− , H 2 O 2 , and • OH), and the partial oxidation of water (H 2 O 2 and
• OH). These are unavoidable byproducts of oxygenic photosynthesis. ROS can oxidatively damage proteins, lipids, and nucleic acids (Das and Roychoudhury 2014) and, consequently, place limits on photosynthetic productivity [estimated to be at least 10% based on PS II photoinhibition, alone (Long et al. 1994) ]. It should also be recognized, however, that ROS also serve as signal molecules which can modulate a variety of cellular processes including stress acclimatization, differentiation and development, programmed cell death, and pathogen defense (Mittler 2016) .
While ROS generation by PS II has been extensively examined (Kale et al. 2017; Kim and Jung 1992; Pospíšil 2009 Pospíšil , 2016 , relatively few studies have been performed on the b 6 f complex. A number of cofactors within the complex have, however, been proposed as sites of ROS production. Cytochrome bc 1 -type complexes, in general, produce O 2
•− (Lanciano et al. 2013) , and production of O 2 •− by the b 6 f complex has been observed by EPR spin-trapping spectroscopy (Sang et al. 2011a) . Recently it has been demonstrated that b 6 f complex isolated from both spinach and Mastigocladus produce 20-30× more O 2
•− , on a per complex basis, than does the yeast cytochrome bc 1 complex . Two potential O 2
•− production sites were suggested, either the heme b p or PQ p •− . The redox potential of the heme b p appears more negative (E m7 = − 40 to − 90 mV (Furbacher et al. 1989; Rich and Bendall 1980) , E m7.5 = − 150 mV [Kramer and Crofts 1994) ] than those reported for yeast and mammalian cytochrome bc 1 heme b p [E m7 ≈ − 20 mV, (T'Sai and Palmer 1983) ]. This would make dioxygen reduction more feasible in the photosynthetic complex (Sarewicz et al. 2010) . It was also hypothesized that dioxygen reduction by PQ p •− might be facilitated by a longer residence time of the semiquinone at the PQ p -binding site . Other investigators have suggested that the Rieske iron-sulfur protein is involved in O 2
•− production in both cytochrome bc 1 complexes (Genova et al. 2001 ) and the b 6 f complex (Sang et al. 2011a) . In this regard it is interesting that Sang et al. (2011a) reported that while no O 2
•− was generated from complexes lacking the Rieske cluster, 1 O 2 was produced. These authors suggested that O 2
•− was produced by, at least partially, a 1 O 2 -dependent process (Sang et al. 2011a, b) .
The possible production of 1 O 2 by the b 6 f complex is intriguing. As noted above, the complex contains Chl a. The presence of chlorophyll prosthetic groups can be quite hazardous due to the possible production of 1 O 2 by intersystem crossing. Typically, chlorophylls are found in close proximity to carotenoids that can quench 1 O 2 . The β-carotene in the b 6 f complex, however, is located ≥ 14 Å from the Chl a and too distant to serve as an efficient quencher (Dashdorj et al. 2005; Kim et al. 2005) . It has been suggested that quenching of the 1 O 2 may be facilitated by a putative hydrophobic ROS channel which funnels 1 O 2 to the carotenoid (Kim et al. 2005) . It should also be noted that aromatic residues in the vicinity of the Chl a significantly shorten the fluorescence lifetime (by about 20-fold), which would lower the yield of 3 Chl, reducing the probability of 1 O 2 formation (Dashdorj et al. 2005; Peterman et al. 1998; Yan et al. 2008 ). Both Chl a and the β-carotene may also function in the assembly of the complex (Cramer et al. 2009 ). Finally, it has been suggested that iron-sulfur proteins, in general, can serve as blue-light sensitizers for the production of 1 O 2 (Kim and Jung 1992) . These authors have specifically suggested that the Rieske iron-sulfur cluster in the b 6 f complex is a major source of 1 O 2 in thylakoid membranes (Suh et al. 2000) . This hypothesis is controversial, and strong evidence indicating that Chl a is the principal source of 1 O 2 has been presented (Sang et al. 2010) .
It should also be noted that heme c n may directly bind dioxygen. This is suggested by the observation that NO, a dioxygen analogue, binds tightly to the heme (Twigg et al. 2009 ). The authors presented the possibility that heme c n could function as a plastoquinol oxidase. In this capacity, an aberrant formation of O 2
•− by a one-electron reduction of dioxygen (or H 2 O 2 by a two-electron reduction) could hypothetically occur. It is also possible that the observed strong binding of NO, itself, is physiologically relevant as NO, often in cooperation with ROS, is involved in a wide variety of signal transduction pathways involving plant response to abiotic stress (Farnese et al. 2016; Mittler 2016) .
No in-depth characterization of oxidative modification sites on the b 6 f complex has been performed, and the relative importance and/or contribution of the different proposed ROS production sites (heme b p , PQ p , Fe 2 S 2 , Chl a) have not been evaluated. Galetskiy et al. (2011) did report that eleven residues were ROS-modified within the complex but did not provide their locations. Importantly, these authors did not utilize a non-oxidizing denaturing PAGE system (see below) in their study. Consequently, the possibility of protein oxidative modification artifacts due to electrophoretic conditions cannot be excluded.
In our study, we have used high-resolution tandem mass spectrometry to identify the location of oxidized residues within the cytochrome b 6 f complex isolated from fieldgrown spinach. These "natively" oxidized residues are the product of ROS production in the field environment where the plants may be exposed to a variety of abiotic stressors such as high light intensities, low or high temperatures, or drought (Choudhry et al. 2016; You and Chan 2015) . It should be noted that earlier we have used these methods to identify natively oxidized residues in spinach PS II (Frankel et al. 2012 (Frankel et al. , 2013 , results which have recently been confirmed and extended for the cyanobacterial photosystem (Weisz et al. 2017 ).
In the current study, we have mapped the natively oxidized residues identified in field-grown spinach cytochrome b 6 f complex onto the corresponding residues of the Chlamydomonas b 6 f complex structure (Stroebel et al. 2003) . Our results indicate that numerous oxidized amino acid residues are located in the vicinity of the p-side cofactors heme b p , the Rieske iron-sulfur protein, and the PQ p -binding site. None were observed in the vicinity of n-side cofactors. Additionally, oxidized residues were located adjacent to the Chl a. Our findings support the hypothesis that the p-side cofactors and Chl a are responsible for most of the ROS produced by the cytochrome b 6 f complex.
Materials and methods
The cytochrome b 6 f complex was isolated from market spinach essentially by the method previously described (Hurt and Hauska 1981) . The b 6 f subunits were resolved on a 12.5-20% acrylamide gradient by LiDS-PAGE (Delepelaire and Chua 1979) either using the standard method (see Fig. 1B ) or, for mass spectrometry, using a non-oxidizing gel system (Rabilloud et al. 1995) . This was required, as standard PAGE is known to introduce numerous protein oxidation artifacts (Sun and Anderson 2004) . In this system, after degassing, the gels are polymerized with riboflavin in the presence of diphenyliodonium chloride and toluenesulfinate followed by exposure to UV light. The upper reservoir buffer contained thioglycolate. Previously, we had demonstrated that PS II proteins resolved in this system exhibited much lower levels of artifactual protein oxidation than proteins resolved by standard PAGE (Frankel et al. 2012) , confirming the earlier reports of Rabilloud et al. (Rabilloud et al. 1995) and Sun and Anderson (2004) , both of which examined other test proteins. For mass spectrometry, electrophoresis was terminated when the stacked proteins first entered the resolving gel. The gel was then stained with Coomassie blue, destained, and the thick protein band containing the stacked b 6 f subunits was excised. This electrophoresis by denaturing LiDS-PAGE provides facile detergent removal during protein band processing prior to proteolysis and potentially yields greater cleavage site accessibility during subsequent protease treatment (specifically with chymotrypsin or pepsin) when compared to "in solution" digestion protocols. The protein bands were then digested using either trypsin, chymotrypsin, or pepsin following standard procedures for "in-gel" proteolysis. Three biological replicates were analyzed for each of the three proteases (chymotrypsin, pepsin, and trypsin), and the union set of these replicates is presented. After protease digestion, the peptides were resolved by HPLC on a C:18-reversed phase column and ionized via electrospray into a Thermo Scientific Orbitrap Fusion Lumos mass spectrometer. The samples were analyzed in a data-dependent mode with one Orbitrap MS 1 scan acquired simultaneously with up to ten linear ion trap MS 2 scans. Identification and analysis of the peptides containing oxidative modifications were performed using the MassMatrix Program (Xu and Freitas 2009) . A library (Hurt and Hauska 1981) . A Sucrose density gradient. Both monomer and dimer bands were observed; the dimer was used for all subsequent studies. B LiDS-PAGE of thylakoids (Thy) and the b 6 f complex dimer. Subunits are labeled to the right, standard proteins to the left. The small subunits, PetG, PetL, PetM, and PetN which have apparent molecular masses in the 2-4 kDa region, are not resolved in this gel system containing the sequences of the eight subunits of the spinach complex plus Ferredoxin-NADP + oxidoreductase was searched, as was a decoy library which contained these same sequences but in reversed amino acid order. Twelve different types of oxidative modifications were included as possible post-translational modifications. For a putative positive identification of an oxidized residue, the peptide must exhibit a p value of 10 −5 or smaller; this value was selected prior to data collection. Peptides meeting this p value threshold were then examined manually, with the quality of the MS 2 , collision-induced dissociation spectra being confirmed. Additionally, only peptides with charge states of + 3 or lower were considered. Finally, the mass error of the precursor ion was required to be ≤ 5.0 ppm and was required to be the product of specific proteolytic cleavage. The identified oxidized amino acid residues were mapped onto the crystal structure of the Chlamydomonas reinhardtii b 6 f complex [PDB: 1Q90, (Stroebel et al. 2003) ] using PYMOL (DeLano 2002).
Results and discussion
Isolation of the spinach b 6 f complex yielded results which were basically indistinguishable from previous reports (Black et al. 1987; Hurt and Hauska 1981; Zhang et al. 2001) for the isolation of the spinach complex (Fig. 1A) . Four major polypeptides were identified: PetA, PetB, PetC, and PetD (Fig. 1B) . It should be noted that in standard LiDS-PAGE (Fig. 1B) , the low molecular mass subunits (2-4 kDa) PetG, PetL, PetM, and PetN are not resolved. A fifth unidentified peptide with an apparent molecular mass of 48 kDa was also observed. This component, which is probably a contaminant, has been sporadically observed in other preparations of the complex (Hauska 2004) . Tandem mass spectrometry analysis of the chymotryptic, peptic, and tryptic peptides of the cytochrome b 6 f complex allowed the identification of 55 oxidatively modified residues present on these subunits. The identity of these oxidized residues and the types of modifications observed are presented in Table 1 . No oxidative modifications were observed on the small subunits of the complex (PetG, PetL, PetM, and PetN). It should be emphasized that it is highly unlikely that all of the observed modifications would be present on every copy of the complex. Rather, this portfolio of detectable modifications is present within the full population of cytochrome b 6 f complexes present in our biological samples. It should be noted that for this study we isolated the complex from fieldgrown market spinach. Consequently, the exact growth conditions are unknown. Many studies examining the spinach cytochrome b 6 f complex have utilized comparable biological materials Baymann et al. 2007; Stofleth 2012; Szymańska et al. 2010) . Figure 2 illustrates the quality of the data used for the identification of oxidized amino acid residues within the cytochrome b 6 f complex. In this figure, the tandem mass spectrometry data collected for the 45 E-56 L peptic peptide of PetA are illustrated. In Fig. 2A , the data from the unmodified peptide are shown, while in Fig. 2B , data from this peptide bearing oxidized 54 M are shown. Both of these were observed in the same biological replicate. The observed mass accuracies for the parent peptic ions were − 0.35 and + 0.34 ppm, respectively. The p value for both of the illustrated peptides was 10 −5.5 and are, consequently, among the lowest-quality peptides used in this study (p value range = 10 −5.0 -10 −11.1 ). Even these peptides, however, clearly exhibited nearly complete y-and b-ion series, allowing unequivocal identification of the oxidative mass modification. This result indicates that the use of p values ≤ 10 −5 provided very high-quality peptide identifications. Fig. S1 illustrates results for peptides exhibiting the median and lowest p value peptides identified in this study (p values of 10 −6.4 and 10 −11.1 , respectively). One should note that all of the subunits of the cytochrome b 6 f complex are intrinsic membrane proteins. The analysis of such proteins by mass spectrometry is often difficult, with only relatively low sequence coverage being reported in standard "bottom-up" experiments (Kar et al. 2017; Souda et al. 2011; Weisz et al. 2017) . In this study, however, we have obtained nearly complete coverage (≥ 90%) for all of the major subunits of the complex using the enzymes trypsin, chymotrypsin, and pepsin for proteolysis. This is illustrated in Fig. 3 . No crystal structure is currently available for the spinach cytochrome b 6 f complex. However, crystal structures are available for the thermophilic cyanobacteria Mastigocladus laminosus (Kurisu et al. 2003) and Nostoc sp. PCC7120 ), as well as the mesophilic eukaryote Chlamydomonas reinhardtii (Stroebel et al. 2003) . The sequence similarity between the spinach subunits and the Chlamydomonas subunits is high (Fig. 3) , being 82% for PetA, 94% for PetB, 76% for PetC, and 94% for PetD. This high degree of similarity allowed us to rationally map the oxidized amino acids that we observed in the spinach b 6 f complex onto the crystal structure of the Chlamydomonas protein complex. Indeed, 36 of the identified 55 modified residues (68%) were identical in both systems. Figure 4 presents an overview of the locations of the oxidized residues that we identified within the context of the cytochrome b 6 f complex dimer. The vast majority of the observed oxidized residues were located on the p-side of the complex. This does not appear to be the result of a sampling error since our mass coverage of the n-side residues was 96% (136/142 residues). Surface domains on the PetA and PetC subunits appear to be particularly susceptible to oxidative modification. This is not surprising since the surfaces of these components are exposed to the bulk solvent of the lumen. ROS produced by PS II due to manganese cluster damage (HO • and possibly, H 2 O 2 ), 1 O 2 produced at P 680 *, the production of O 2
•− , and possibly other ROS species by the b 6 f complex itself, and possibly PS I, may all contribute to the oxidative modification of lumenally exposed domains. Additionally, while there are many ROS detoxification systems localized to the n-side of the thylakoid membrane (Das and Roychoudhury 2014; Tripathy and Oelmuller 2012), only a few lumenal components of putative p-side ROS detoxification systems have been reported (Bermudez et al. 2012; Levesque-Tremblay et al. 2009 ). Consequently, it is possible that ROS are not detoxified as efficiently in the thylakoid lumen as they are in the chloroplast stroma.
In addition to these surface-exposed oxidatively modified residues, a number of oxidized residues were observed which were buried or partially buried within the protein matrix, or present on the surface of the complex but buried within the lipid bilayer of the thylakoid membrane. Our working hypothesis is that amino acid residues that are in the vicinity of ROS production sites would be more prone to oxidative modification than residues that are more distant from these sites. The number of amino acids modified near each of these cofactors in relation to the total number of residues in the vicinity of each cofactor is summarized in Table S1 .
In Fig. 5 , we have examined the p-side cofactors, which include heme f, the Rieske iron-sulfur cluster, heme b p , and the lumenal plastoquinol-binding site (PQ p ) which, in this structure, is occupied by the b 6 f inhibitor TDS (tridecylstigmatellin). In Fig. 5 , a 7.5 Å region surrounding each of the cofactors is shown with oxidized residues represented as spheres and labeled.
Figure 5B demonstrates that even though a large number of oxidatively modified residues are located on the cytochrome f subunit, none of these are in close proximity to heme f. This was expected since the production of ROS by this heme was not likely, given its high E m7 [+ 355 mV, (Alric et al. 2005) ]. Figure 5B illustrates the location of oxidatively modified residues near the iron-sulfur cluster and the PQ p -binding site. The PetC residues 107 C, 108 T, 109 H, 110 L, and 113 V were modified, as were 76 L and 101 M of PetD. The presence of seven oxidatively modified residues in close proximity to these cofactors strongly suggests that either the putative long-lived semiquinone occupying the PQ p -binding site and/or the iron-sulfur cluster is a source of ROS in the complex. The high E m<8 (+ 320 mV) of the iron-sulfur cluster (Cramer et al. 2011; Nitschke et al. 1992 ) makes it unlikely that this site would be the source of O 2
•− . Additionally, the ability of the iron-sulfur cluster to act as a photosensitizer for 1 O 2 production is questionable (Sang et al. 2010) . Nevertheless, we cannot rigorously exclude these possibilities at this time. Conversely, the ability of semiquinones to reduce O 2 to O 2
•− is well documented (Mubarakshina and Ivanov 2010) . The production of O 2
•− at the PQ p site may be exacerbated by a hypothesized long residency time of the semiquinone ). This long residency time might be due to the presence in the plastoquinol entrance/plastoquinone exit pathway of the phytol tail of the Chl a, which might hinder quinol exchange.
In Fig. 5C , oxidized residues in the vicinity of heme b p are shown. Three residues, 187 H and 188 T of the PetB and 61 M of PetD, were identified as being oxidatively modified. This observation raises the possibility that heme b p may also be a source of ROS, probably O 2
•− , as was previously hypothesized Sarewicz et al. 2010; Twigg et al. 2009). Interestingly, 187 H is a ligand to the heme iron. It is unclear what, if any, consequences this oxidative modification would have on the redox function of heme b p .
In Fig. 6 , the immediate environment surrounding the hemes b n and c n are illustrated. No oxidatively modified residues were observed within 7.5 Å of the b n or c n hemes or the adjacent PQ n -binding pocket. It should be noted that in the Mastigocladus crystal structure ), the PQ n -binding pocket is occupied by TDS. This observation does not preclude the possibility that heme c n is associated with a putative plastoquinol oxidase activity (Twigg et al. 2009 ). It does suggest, however, that if an oxidase activity is present that it is efficient and not prone to the production of ROS in sufficient quantities to produce detectable oxidative modifications.
In Fig. 7 , oxidized residues in the vicinity of the Chl a and the β-carotene (Fig. 7A ) are shown. Two residues adjacent to the Chl a, 100 L and 101 M of PetD (i.e., within 7.5 Å), are associated with the Chl a-binding pocket and, in the case of 101 M, the PQ p -binding site as well (see above). No oxidized residues were observed near the β-carotene. It had been hypothesized that a hydrophobic channel between the Chl a and the β-carotene exists which could funnel 1 O 2 from the Chl a to the β-carotene to facilitate quenching (Kim et al. 2005 (Fig. 7B) , are also Alignments were performed with CLUSTAL Omega (Sievers et al. 2011) . Similarity scores were calculated using BLAST (Camacho et al. 2009 ). Combined mass spectrometry coverage of the b 6 f complex subunits, using trypsin, chymotrypsin, and pepsin coupled with Orbitrap analysis, was excellent (≥ 90%). Sequences which were not identified by mass spectrometry are boxed ◂ closely associated with the Chl a-binding pocket although more distant than 7.5 Å from the Chl a (12.1 and 8.8 Å, respectively). These results strongly suggest that ROS, probably 1 O 2 , is produced at the Chl a, as has previously been hypothesized (Sang et al. 2010) . It is possible that, since the Chl a-binding pocket is exposed at the surface of the complex but buried in the lipid bilayer, that 1 O 2 is released directly from the Chl a-binding pocket to the lipid bilayer (Fig. 7B) . Oxidatively labeled residues are shown as clusters of spheres colored in darker shades and were mapped onto their corresponding locations on the Chlamydomonas reinhardtii b 6 f structure (Stroebel et al. 2003) . Cofactors and TDS are shown in stick representation
Conclusions
In this communication, we have identified numerous oxidized residues in the vicinity of the p-side cofactors heme b p , the Rieske iron-sulfur cluster, the PQ p -binding domain, and adjacent to the Chl a-binding pocket. No oxidized residues were identified in the vicinity of the β-carotene or heme f, or the n-side cofactors heme b n or heme c n . The locations of these modified residues are consistent with our hypothesis that residues in the vicinity of ROS production sites would be prone to oxidative modification. We have not, at this time, determined the type of ROS leading to these observed modifications, the relative importance of the various possible sites in ROS production, or the time course for the appearance of oxidative modifications. These important questions are the subject of future studies. Details of the oxidative modifications identified in the vicinity of n-side cofactors. Shown is the protein structure located within 7.5 Å of the n-side cofactors heme b n and heme c n . The PQ n -binding pocket is indicated by a cyan ellipse. In the Chlamydomonas structure (Stroebel et al. 2003) , this site is unoccupied while in the Mastigocladus structure it is occupied with TDS Baymann F, Giusti F, Picot D, Nitschke W (2007) 
